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Colliding	  Fundamental	  Par<cles	  
vs.	  	  

Colliding	  Hadrons	  

1
2Lστ+τ−

NSel−NBkg

ετ→K−π0ντ
where L is the luminosity, στ+τ− is the e+e− → τ+τ− cross section, NSel is

the number of selected event, NBkg is the number of background events determined from the
MC and ετ−→K−π0ντ

is the τ− → K−π0ντ efficiency determined from the MC. Details for this
analysis can be found in [10].

In the τ− → h−h−h+ντ signal side the 3 hadrons must not be identified as electrons. Events
with large unassociated net neutral energies are rejected to remove π0 backgrounds. The hadron
particles are then identified as either pion or kaon separating the event into the four decay
modes: τ− → π−π−π+ντ , τ− → K−π−π+ντ , τ− → K−π−K+ντ , and τ− → K−K−K+ντ .
The number of signal events, in true mode j, is extracted by means of a migration matrix,
NSig

j =
∑

i(ε−1)ji
(
NData

i − NBkg
i

)
where NData

i is the number of selected data in channel i,

NBkg
i is the number of background events in channel i and εij is the migration matrix. The

branching fraction is then obtained from Brj =
NSig

j

2Lστ+τ−
. The φ(1020) peaks observed in both

the τ− → K−π−K+ντ , and τ− → K−K−K+ντ decay modes are measured by means of a binned
maximum likelihood fit of the K+K− invariant mass plots where the kaon selection has been
loosened to increase the selection efficiency. The K+K− invariant mass distribution with the
fitted function overlayed may be found in Figs. 1 and 2 in [11]. A more indepth description of
the τ− → h−h−h+ντ analysis may be found in [11]. The measured branching fractions compared
to the world average values can be found in Table 1.

Table 1. Summary of the branching ratios presented in this paper and the world averages for
comparison.

Decay Mode World Average BABAR Measurement

τ− → K−π0ντ (4.54 ± 0.30) × 10−3 (PDG Avg. [12]) (4.16 ± 0.03 ± 0.18) × 10−3

τ− → π−π−π+ντ (9.02 ± 0.08) × 10−2 (PDG Fit. [12]) (8.83 ± 0.01 ± 0.13) × 10−2

τ− → K−π−π+ντ (3.33 ± 0.35) × 10−2 (PDG Fit. [12]) (2.73 ± 0.02 ± 0.09) × 10−3

τ− → K−π−K+ντ (1.53 ± 0.10) × 10−2 (PDG Fit. [12]) (1.346 ± 0.010 ± 0.036) × 10−3

τ− → K−K−K+ντ < 3.7 × 10−5CL = 90% [12] (1.58 ± 0.13 ± 0.12) × 10−5

τ− → φπ−ντ < 2.0 × 10−4CL = 90% [12] (3.42 ± 0.55 ± 0.25) × 10−5

τ− → φK−ντ (4.06 ± 0.25 ± 26) × 10−2 [13] (3.39 ± 0.20 ± 0.28) × 10−5

4. Conclusion
With these new branching fractions, and the recent B(τ− → KSπ−ντ ) from Belle[14], the strange
spectral density function can be updated yielding a measurement of |Vus|. Fig. 1 includes the
measured values of |Vus| present at EPS 2007 and recent values from [15]. Although the R0,0

spectral moment are known to have theoretical issues with convergence, the other weights do
not exhibit this problem. The deviation of |Vus| extracted from τ from the unitarity value and
the possibility of new physics make measurements of the strange spectral density function from
hadronic τ decays and τ− → K−ντ very interesting.
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Snapshot	  of	  results	  from	  2008	  BaBar	  paper,	  just	  to	  illustrate	  the	  different	  world	  
of	  physics	  in	  the	  two	  environments	  .	  .	  	  	  
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Is	  this	  likely	  a	  tau	  that	  decayed	  semi-‐hadronically	  ?	  
	  

and	  not	  an	  
	  

electron	  
	  

muon	  
	  

or	  jet?	  
	  
	  
	  
	  

What	  kind	  of	  physics	  can	  I	  do	  with	  it?	  	  
	  

Hey,	  I	  got	  a	  tau!	  
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Tau	  vs.	  Jet	  Discrimina<on	  

X	  GeV	  Tau	   X	  GeV	  Jet	  
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ATLAS:	  Mainly	  Boosted	  Decision	  Trees	  
	  

CMS:	  Classifiers	  based	  on	  Par<cle	  Flow	  tau	  decay	  cons<tuents	  
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ATLAS	  Iden<fica<on	  
Variables	  

Hadronic	  Radius:	  weighted	  shower	  width	  
Calorimetric	  Radius:	  weighted	  shower	  width	  

Track	  Radius:	  weighted	  track	  width	  
Leading	  Track	  Momentum	  Frac<on	  

Frac<on	  of	  Energy	  in	  Core	  
Electromagne<c	  Frac<on	  
Calorimeter	  Cluster	  Mass	  

Track	  System	  Mass	  
Transverse	  Flight	  Path	  Significance	  of	  2nd	  Vertex	  

Isola<on	  
Leading	  Track	  Impact	  Parameter	  Significance	  

…	  
ATLAS-‐CONF-‐2012-‐142	  

number of vertices.

Number of Vertices

0 2 4 6 8 10 12 14 16 18

Ef
fic

ie
nc

y

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

LLH
BDT

1-prong, Medium

ATLAS Preliminary Simulation

Number of Vertices

0 2 4 6 8 10 12 14 16 18

Ef
fic

ie
nc

y

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

LLH
BDT

multi-prong, Medium

ATLAS Preliminary Simulation

Figure 4: Signal efficiency for 1-prong (left) and multi-prong (right) for medium identification work-
ing point as a function of the number of reconstructed vertices in the event. Differences in
the actual efficiencies shown here and the target efficiencies arise from differences in pile up
conditions that were simulated between the samples used to determine the loose, medium, and
tight cuts on the discriminant output, and the Monte Carlo samples used to evaluate the τhad-vis
identification performance throughout this note.

The performance of the τhad-vis identification methods are illustrated in Figure 5, in which the in-
verse background efficiency as a function of the signal efficiency for 1-prong and multi-prong τhad-vis
candidates are shown.

3.5 Electron Veto

The characteristic signatures of hadronically decaying 1-prong τ leptons can be mimicked by electrons.
Despite the similarity of τ lepton and electron signatures, there are properties that can be used to distin-
guish between them. For example, the electromagnetic shower produced by a τ lepton in the calorimeter,
which tends to be longer and wider than an electron-induced shower. These properties can be used to
define τhad-vis identification discriminants specialised in rejecting electrons mis-identified as τhad-vis can-
didates. In the following, the discriminant using boosted decision trees (electron BDT) is described.
Three working points: loose, medium and tight, corresponding to efficiencies of 95%, 85% and 75%,
respectively, are optimised for the electron BDT discriminants. The signal efficiency used for the per-
formance evaluation is defined as the fraction of reconstructed 1-prong τhad-vis candidates matching a
true 1-prong τhad-vis passing loose cut-based τhad-vis identification2 that also satisfies the electron BDT
discriminant.

The electron BDT is optimised using simulated Z → ττ events for signal and simulated Z → ee
events for background. The signal candidates are required to match to a true τ1-prong lepton and back-
ground candidates are required to match to a true electron, both within ∆R < 0.2. All candidates are
required to have pT > 20 GeV.

The electron BDT discriminant is performed in four regions of |η|: barrel (|η| < 1.37), crack (1.37 <
|η| < 1.52), endcap (1.52 < |η| < 2.0) and forward endcap (2.0 < |η| < 2.3). The best performing and
best modelled variables in each |η| region are used for training. The variables are listed in Appendix A.
The following variables illustrated in Figure 6 were added since the previous version of the electron
BDT training: the electromagnetic energy over track momentum ( f EMP ), the calorimeter presampler strip

2Another τhad-vis identification algorithm described in Ref. [2] that has not been re-optimised.

7

Stability	  with	  Pile-‐up	  (2011)	  

CMS	  classifiers	  
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Performance	  Examples:	  
W	  -‐>	  τν	  selec<on	  

BEFORE	  “<ght”	  tau	  Iden<fica<on	  
(tuned	  for	  30%	  signal	  efficiency)	  

AFTER	  “<ght”	  tau	  Iden<fica<on	  
(tuned	  for	  30%	  signal	  efficiency)	  
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A	  jet	  is	  not	  a	  jet	  is	  not	  a	  jet	  

leading	  jets,	  sub-‐leading	  jets,	  etc.	  
	  

pile-‐up	  influencing	  jet	  clustering	  
	  

track	  mul<plicity	  
	  

jet	  transverse	  momentum	  
	  

quark-‐ini<ated	  jets	  vs.	  gluon-‐ini<ated	  jets	  

Many	  of	  these	  topics	  have	  been	  explored,	  	  
but	  we	  have	  room	  for	  much	  more	  sophis<ca<on	  moving	  forward!	  April	  4,	  2013	   8	  



Tau	  vs.	  Electron	  Discrimina<on	  
a	  1-‐track	  tau	  can	  look	  quite	  a	  bit	  like	  an	  electron	  

	  
At	  ATLAS,	  a	  high	  frac<on	  of	  electrons	  are	  reconstructed	  
as	  tau	  candidates,	  and	  pass	  the	  iden<fica<on	  stage	  

	  that	  was	  designed	  to	  veto	  jets	  
	  

Par<cle	  ID	  capabili<es	  in	  the	  tracker	  is	  hugely	  helpful!	  

Pion	  –	  Electron	  Separa<on	  	  

300,000	  straw	  tubes	  
4	  mm	  diameter	  
Radiator	  material	  
between	  straws	  

Luckily,	  looking	  forward,	  pions	  and	  electrons	  behave	  differently	  
in	  the	  calorimeters	  as	  well!	  April	  4,	  2013	   9	  



Electron	  Veto	  Performance:	  
Z	  –>	  ee	  events	  
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Figure 11: Invariant mass of the electron-τhad-vis pair in the selected events. On the left plot, no dis-
crimination is applied on the probe τhad-vis. The right plot shows only those events where the
probe τhad-vis has passed the BDT loose τhad-vis identification and BDTmedium electron veto.

and Z → ee Monte Carlo simulations even without any background subtraction, as shown in Figure 11
(left). However, after the application of the jet and the electron discrimination, the purity of electron
events in data is significantly reduced, as shown in Figure 11 (right), and an estimation of the back-
ground events is needed to measure correctly the mis-identification probability. After the background
subtraction, the mis-identification probability is measured in data and compared with that estimated in
Z → ee Monte Carlo simulations. The data/MC correction factors are then extracted from the ratio of
the two probabilities. The main source of systematic uncertainties is the background subtraction and this
is estimated in a conservative way by comparing the data/MC correction factors with and without the
background subtraction and taking the difference as uncertainty. Another source of systematic uncer-
tainty comes from the event selection. The identification requirement and the energy scale of the tagging
electron have been varied and the observed differences in the data/MC correction factors are also taken
as a systematic uncertainty. The measurement has been performed in four pseudorapidity regions, which
are defined using the τhad-vis leading track direction: barrel (|ηtrk| < 1.37), crack (1.37 < |ηtrk | < 1.52),
endcap (1.52 < |ηtrk| < 2.0) and forward endcap (|ηtrk | > 2.0). The estimated data/MC correction factors
are found to be independent of the tightness of the τhad-vis identification applied to the probe τhad-vis and
of the type of electron overlap removal. For this reason only correction factors for different working
points of the electron discrimination are reported in Table 1.

electron BDT veto |ηtrk| < 1.37 1.37 < |ηtrk| < 1.52 1.52 < |ηtrk| < 2.00 |ηtrk| > 2.00
loose 0.96±0.22 0.8±0.3 0.47±0.14 1.7 ±0.4
medium 1.3 ±0.5 - 0.5 ±0.4 2.8 ±1.3

Table 1: The data/MC correction factors for the efficiency of the electron discrimination applied to elec-
trons mis-identified as τhad-vis with pT > 20 GeV. The correction factors are not dependent
on the tightness of the τhad-vis identification or on the type of electron overlap removal. The
quoted uncertainties are the sum in quadrature of statistical and systematic uncertainties. Some
measurements are not available due to lack of sufficient data statistics.
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BEFORE	  tau	  ID	  and	  electron	  veto	  

Tight	  requirement	  on	  one	  electron,	  require	  tau	  candidate	  in	  	  
event,	  no	  background	  subtrac<on	  in	  plots	  below.	  	  

AFTER	  tau	  ID	  and	  electron	  veto	  
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Tau	  vs.	  Muon	  Discrimina<on	  

Signal Efficiency
0.5 0.6 0.7 0.8 0.9 1

In
ve

rs
e 

Ba
ck

gr
ou

nd
 E

ffi
ci

en
cy

1

10

210

310

ATLAS Preliminary Simulation
 | < 2.0η> 20 GeV, |

T
1-prong, p

BDT-based electron veto

Signal Efficiency
0.5 0.6 0.7 0.8 0.9 1

In
ve

rs
e 

Ba
ck

gr
ou

nd
 E

ffi
ci

en
cy

1

10

210

310

ATLAS Preliminary Simulation
 | > 2.0η> 20 GeV, |

T
1-prong, p

BDT-based electron veto

Figure 8: Inverse background (electron) efficiency as a function of signal efficiency for 1-prong recon-
structed τhad-vis candidates with pT > 20 GeV, in the central (|η| < 2.0) and forward endcap
(|η| > 2.0) regions, for the electron BDT discriminant.

The two cases can be clearly distinguished by the different shower shapes in the calorimeter: in Case
1, the muon will typically pass through the electromagnetic calorimeter, and so most of the energy
will be deposited in the much deeper hadronic calorimeter; while in Case 2, the radiation is mostly
electromagnetic and leakage into the hadronic calorimeter is minimal. Figure 9 shows the fraction of
transverse energy of the τhad candidate deposited in the electromagnetic calorimeter, fEM, with the peaks
at low and high values corresponding to Case 1 and Case 2, respectively. Additionally, in both cases there
is no match between the track momentum and the calorimeter energy, so that the lead track momentum
fraction ( ftrack) may be much higher than expected for true τhad. Figure 10 shows this variable for the
low and high fEM regions.

EMf
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

ha
d-

vi
s

τ
Fr

ac
tio

n 
of

 re
co

ns
tru

ct
ed

 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

True muons
True taus

ATLAS Preliminary
Simulation

Figure 9: The electromagnetic fraction for reconstructed τhad-vis candidates matched to true muons and
to true τhad.

To optimise the muon veto algorithm, true τhad and muons with pT > 20 GeV from simulated
Z → ττ and Z → µµ samples were used. Because the muon veto is normally applied to muons that were
not identified by the muon identification algorithm [1], an overlap removal was performed with respect

10

Frac<on	  of	  transverse	  energy	  of	  	  
tau	  candidate	  deposited	  in	  	  
electromagne<c	  calorimeter	  

Muon	  vs.	  Tau	  separa<on	  is	  not	  
typically	  a	  concern,	  assuming	  
EM	  and	  HAD	  calorimeters	  have	  

fine	  enough	  granularity.	  
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On	  Not	  Underes<ma<ng	  	  
the	  Power	  of	  Sta<s<cs	  

Process	   Pτ	  PredicCon	  

W±	  -‐>	  τν	   -‐1	  

H±	  -‐>	  τν	   +1	  

Z	  -‐>	  ττ	   ≈	  -‐0.15	  

H	  -‐>	  ττ	   0	  

Measurements	  that	  rely	  on	  tau	  polariza<on	  CAN	  be	  done	  at	  hadron	  colliders	  

arXiv:1204.6720v1	  April	  4,	  2013	   12	  



And	  the	  elephant	  in	  the	  room	  

Triggering	  for	  physics	  
with	  taus	  
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Summary:	  What	  We	  Want	  
for	  Tau	  Tagging	  

•  Good	  Tracking	  (par<cle	  ID	  a	  plus	  here!)	  
•  High	  Granularity	  EM	  and	  HAD	  Calorimeter	  

•  Knowing	  ini<al	  condi<ons,	  like	  energy	  of	  colliding	  
par<cles/partons,	  facilitates	  measurements	  with	  taus	  

•  Not	  knowing	  ini<al	  condi<ons	  provides	  complica<ons,	  
but	  doesn’t	  take	  you	  out	  of	  the	  game	  in	  a	  world	  of	  high	  
sta<s<cs	  

•  Par<cle	  Discrimina<on	  (K,	  π,	  π0)	  is	  required	  for	  
precision	  measurements	  	  
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